When the catalytic (rC) subunit of cAMP-dependent protein kinase (cAPK) is expressed in Escherichia coli, it is autophosphorylated at four sites, Ser10, Ser139, Ser338 and Thr197 (49). Three of these sites, Ser10, Ser338 and Thr197, are also found in the mammalian enzyme. To understand the functional importance of these phosphorylation sites, each was replaced with Ala, Glu or Asp. The expression, solubility and phosphorylation state of each mutant protein was characterized by immunoprecipitation following in vivo labeling with 32 P i . When possible, isoforms were resolved and kinetic properties were measured. The two stable phosphorylation sites in the mammalian enzyme, Ser338 and Thr197, were shown to play different roles. Ser338, which stabilizes a turn near the C-terminus, is important for stability. Both rC(S338A) and rC(S338E) were very labile; however, the kinetic properties of rC(S338E) were similar to the wild-type catalytic subunit (C-subunit). Ser338 most likely helps to anchor the Cterminus to the surface of the small lobe. Thr197 is in the activation loop near the cleft interface. Mutagenesis of T197 caused a significant loss of catalytic activity with increases in K m s for both peptide and MgATP, as well as a small decrease in k cat indicating that this phosphate is important for the correct orientation of catalytic residues at the active site. Replacement of Ser139, positioned at the beginning of the E-helix, with Ala had no effect on the kinetic parameters, stability or phosphorylation at the remaining sites. In contrast, mutation of Ser10, located at the beginning of the A-helix, produced mostly insoluble, inactive, unphosphorylated protein, suggesting that this region, though far removed from the active site, is structurally important at least for the expression of soluble phosphoprotein in E.coli. Since the mutation of active site residues as well as deletion mutants generate underphosphorylated proteins, these phosphorylations in E.coli all result from autophosphorylation.
Introduction
Protein kinases, the enzymes that phosphorylate other proteins, are frequently phosphoproteins themselves. When these kinases are initially synthesized, they are typically inactive. It is the subsequent phosphorylations that most often convert the translation product into an active enzyme. These phosphorylations can be dynamic or static during the lifetime of the enzyme. For example, the insulin receptor is autophosphorylated in response to insulin binding to the extracellular domain (Cobb et al., 1989) , while cdk2 is phosphorylated at a specific point in the cell cycle by a heterologous protein kinase following cyclin binding (Solomon et al., 1992) . MAPK/erk2 is phosphorylated via a cascade mechanism that is initiated by growth factors like EGF binding to their receptors (Ahn et al., 1991) . In all of these cases, the phosphorylation of a key residue near the active site cleft leads to activation. In addition to playing a role in activation, phosphorylations can also contribute to subcellular localization and stabilization. Understanding not only which sites are phosphorylated in each protein kinase but also why each site is important is essential.
The catalytic (C) subunit of cAMP-dependent protein kinase (cAPK) is one of the simplest members of the protein kinase family (Walsh et al., 1968) and is also the best understood biochemically (Taylor et al., 1990) and structurally (Knighton et al., 1991a,b; Bossemeyer et al., 1993; Zheng et al., 1993a,b; Madhusudan et al., 1994) . In addition to catalyzing the phosphorylation of other proteins, the C-subunit is itself a phosphoprotein, with phosphorylation serving as a critical on/ off switch for kinase activity (Steinberg et al., 1993; Adams et al., 1995) . In contrast to the above protein kinases, the Csubunit of cAPK is fully phosphorylated when it is assembled into an inactive holoenzyme complex. Activation, instead of being mediated by the dynamic addition of a phosphate, is achieved by the removal of the inhibitory regulatory (R) subunit following cAMP binding. For cAPK, therefore, phosphorylation is important when the protein is first synthesized, but once it is phosphorylated, those sites appear to be relatively static.
The mammalian C-subunit contains two sites of phosphorylation, Ser338 and Thr197, and, because these phosphates were quite resistant to removal by phosphatases, they were termed 'stable' or 'silent' phosphorylation sites (Shoji et al., 1979) . The crystal structure of the catalytic subunit provides a structural explanation for this resistance to phosphatases (Knighton et al., 1991a; . The mammalian C-subunit can also be autophosphorylated at Ser10; although the in vivo significance of this phosphorylation is not known (Toner-Webb et al., 1992) . The C-subunit can be overexpressed readily in E.coli, and this recombinant enzyme is also phosphorylated. The recombinant catalytic (rC) subunit contains four phosphates at Ser10, Ser139, Thr197 and Ser338 , and isoforms containing four, three and two phosphates can be readily resolved (Herberg et al., 1993) . Structural analysis of these four sites reveals that all exist as extended segments on the surface of the enzyme where they are potentially accessible for trans autophosphorylation.
Given the widespread occurrence of phosphorylation in eukaryotic proteins, it is of fundamental importance not only to determine the phosphorylation state of an enzyme but also to identify specific sites of phosphorylation. Improved methods in mass spectrometry are helping to make such analysis routine (Erickson et al., 1990; Chait et al., 1992; Haystead et al., 1992; Herberg et al., 1993) . Identifying phosphorylation sites, however, is only the first step. Ultimately, one must establish the functional significance of each particular phosphorylation. When known phosphoproteins are expressed in E.coli, it is particularly important to establish that proper phosphorylation of the recombinant enzyme has occurred. In an effort to understand better the importance of each phosphorylation site in the recombinant C-subunit of cAPK, the four sites of phosphorylation were selectively replaced with Ala, Glu or Asp. Characterization of the resulting mutant enzymes revealed a range of functional importance extending from Ser139 which appears to have little importance and is not phosphorylated in the mammalian enzyme to Thr197 and Ser338 which are critical for catalysis and stabilization, respectively.
Materials and methods

Materials
Reagents were purchased as follows: radioactive nucleotides (Amersham or NEN Dupont); media supplies (Difco); restriction endonucleases and nucleic acid modifying enzymes (US Biochemical, Gibco/BRL or Bio-Rad). Peptide substrate, LRRASLG, was obtained from the UCSD Peptide and Oligonucleotide Facility and purified by reverse phase HPLC. Reagents used for the coupled assay were obtained from Sigma or Boehringer Mannheim. Custom oligonucleotides were synthesized with an Applied Biosystem DNA synthesizer Model#380B. Three E.coli bacteria strains were used: RZ1032(ATCC), JM101(ATCC) and BL21-DE3 (gift from William Studier of Brookhaven National Laboratories, Upton, NY), and the vectors phagemid pUC119 (ATCC), pLWS-3 (Slice et al., 1989) and phagemid pRSET B (Invitrogen).
Construction of mutant enzymes
Using Kunkel mutagenesis (Kunkel et al., 1987) , as previously described (Yonemoto et al., 1991) , the following changes were introduced into the catalytic subunit: Ser10Ala, Ser10Glu, Ser139Ala, Thr197Ala, Thr197Asp, Thr197Glu, Ser338Ala, Ser338Glu, Lys72Arg, Asp184Glu and Cys199Ala. The resulting mutant recombinant C-subunits are designated as rC(S10A), etc. Mutagenesis of Thr197Asp was done by subcloning the 1.9 kb NdeI-KpnI fragment of the catalytic subunit from pLWS-3 into the NdeI/KpnI sites of pRSET B , a phagemid vector with a bacteriophage T 7 (Ø 10) gene promoter. To make oligonucleotide site-directed mutants from this construct, the Muta-Gene Phagemid In Vitro Mutagenesis Kit from Bio-Rad was used. Briefly, single-strand Kunkel DNA was prepared and mutagenesis protocols were followed. The Thr197Asp mutation was verified using dideoxy-DNA sequencing. Restriction enzyme digests, gel electrophoresis, DNA preparations and other typical recombinant DNA techniques were employed as described in Sambrook et al. (1989) . In-gel ligations were performed according to Struhl (1985) . A rapid method for preparing and isolating recombinant DNA was used (Kalvakolanu et al., 1991) . DNA sequences were determined by the dideoxy chain termination method (Sanger et al., 1977) with the Sequenase Version 2.0 DNA Sequencing Kit (USB). Single strand DNA samples from Cα/pUC119 or Cα/pRSET B were prepared according to the Modified Single-Strand Rescue protocol of Stratagene.
Expression of proteins
The recombinant catalytic subunit (rC-subunit) was expressed in E.coli BL21-DE3 using the pT7-7 based expression vector, pLWS-3, or pRSET B as described previously (Slice et al., 1989; Yonemoto et al., 1991) . Myristylated protein was obtained by co-expressing the rC-subunit with N-myristyl transferase according to . In all cases, cells were grown to an absorbance at 600 nm of 0.5 at 37°C and then induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG). To maximize solubility, the proteins were expressed at room temperature, and incubation was typically carried out for 8 h.
In vivo radiolabeled catalytic subunit
To prepare radiolabeled proteins, E.coli transformed with either pLWS-3 or with plasmids encoding mutant enzymes in pT7-7 based vectors were grown at 37°C to an absorbance of 0.5 at 600 nm and then induced by the addition of 0.4 mM IPTG with the simultaneous addition of 0.5-1.0 mCi 32 P i orthophosphate per 10 ml culture. Following induction, the cells were grown at 24°C for 8 h. The cells were harvested by centrifugation and washed once with ice-cold phosphate buffered saline (PBS). The cell pellets were either lysed immediately or stored frozen at -20°C.
Antibodies
To prepare antibodies, the rC-subunit was purified by preparative polyacrylamide gel electrophoresis in the presence of SDS-PAGE. The gel slices containing rC-subunit were crushed, and the purified rC-subunit was eluted overnight at 37°C, following the addition of 10ϫ volume of 50 mM ammonium bicarbonate, 0.1% SDS, 5 mM β-mercaptoethanol (βME). The elute was collected and filtered through glass wool. This preparation of insoluble rC-subunit was then used as antigen.
Polyclonal anti-C-subunit antibodies were prepared by immunizing six week old New Zealand White rabbits with the purified rC-subunit antigen. The first boost used 200 µg rCsubunit, prepared with complete Freund's adjuvant, and was injected intramuscularly. After four weeks, the rabbits were subsequently injected with two additional 200 µg boosts, three to four weeks apart. After the third boost, the rabbits were bled and the serum was tested for the ability of the antibodies to immunoprecipitate and immunoblot the C-subunit.
RIPA solubilization and immunoprecipitation
After centrifugation, the in vivo labeled cells were resuspended in 0.5 ml 10 mM Tris, 1 mM EDTA, pH 8.0, containing 0.1 µg lysozyme and then placed on ice for 10 min. DNA was sheared by pipeting with a 1 ml syringe and 25 gauge needle. The cell lysate was clarified by centrifugation. To 40-50 ml clarified supernatant, 5 µl C-subunit rabbit serum and 200 µl RIPA buffer (10 mM Tris-HCl pH 7.2, 150 mM NaCl, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 5 mM βME) was added. After vortexing, the solution was placed on ice for 30 min. Activated Staphylococcal aureus cells were added, and the solution was then vortexed and placed on ice for 15 min. After centrifugation, the pellet was washed three times with RIPA buffer and then resuspended in 2ϫ SDS-PAGE sample buffer. After 1 min, the sample was centrifuged and the supernatant collected. To activate fixed Staphylococcal aureus cells, an aliquot of the Staphylococcal aureus suspension was centrifuged for 2-3 min. The pellet was resuspended in an equal volume of RIPA buffer, incubated on ice for 15 min, and then recentrifuged. The cells were resuspended in an equal volume of RIPA buffer containing 10 mg/ml bovine serum albumin and kept on ice until use.
Activity assays
Enzymatic activity was determined using the coupled spectrophotometric method of Cook et al. (1982) . Kemptide (L-R-R-A-S-L-G) was used as substrate. This assay couples the generation of ADP with the oxidation of NADH by pyruvate kinase (PK) and lactate dehydrogenase (LDH). Varying amounts of ATP were pre-equilibrated with C-subunit at 25°C in buffer containing 100 mM MOPS (pH 7.0) and 10 mM MgCl 2 . Reactions were initiated by the addition of Kemptide. Activity assays were carried out using the purified protein as well as using aliquots of the total cell extract. Assays using the total cell extracts were used for initial screening.
Protein purification
Purification of the wild-type rC-subunit and the mutant enzymes, rC(S139A) and rC(T197D), were performed as described (Herberg et al., 1993) . Briefly, following lysis in a French pressure cell and centrifugation, the rC-subunit after dialysis against buffer A (20 mM MES, 5 mM βME, pH 6.5) was bound to phosphocellulose (P-11; Whatman) and eluted with step washes of 50 mM, 100 mM and 250 mM potassium phosphate, pH 6.5. The rC-subunit eluted with 250 mM potassium phosphate, pH 6.5, and its purity was typically 90-95% based on SDS-PAGE. In order to separate the isoforms, the rC-subunit was dialyzed against buffer B (17 mM potassium phosphate, 5 mM βME, pH 6.5) and loaded onto a preequilibrated Mono S HR 5/5 FPLC column (Pharmacia-LKB). The isoforms were eluted with a linear NaCl gradient from 0 to 300 mM KCl in buffer B at a flow rate of 2 ml/min using an FPLC instrument (Pharmacia-LKB). The purified rCsubunits were analyzed by SDS-PAGE and stained with Coomassie Blue R-250.
Purification of rC(S338E) involved in vitro holoenzyme formation with a recombinant mutant form of the regulatory type I subunit (RI-subunit), as described previously . Briefly, this purification consisted of co-lysing E.coli BL21-DE3 cells expressing rC(S338E) with E.coli 222 cells expressing the Arg209Lys mutant RI-subunit RI(R209K). Because this mutant regulatory subunit (R-subunit) is deficient in binding cAMP, it forms holoenzyme very rapidly (Bubis et al., 1988) . Holoenzyme formation occurred once the cells were passed through a French pressure cell. The cell lysate was clarified by centrifugation, and the supernatant fraction was diluted and loaded onto Q-Sepharose. The holoenzyme complex was eluted using a linear NaCl gradient. These fractions were then diluted and loaded onto CM-Sepharose. The flow-through wash which contained the holoenzyme complex and other non-binding proteins was collected. The holoenzyme complex was dissociated by the addition of cAMP and again passed over CM-Sepharose, which bound the rCsubunit but not the RI-subunit. The rC(S338E) subunit was then eluted from the CM-Sepharose with a linear NaCl gradient, as described earlier.
Purification of RI and RI(R209K) and of an autophosphorylated mutant of the RI subunit, RI(A97S), was performed as described previously by Buechler and by Durgerian, respectively (Durgerian et al., 1989; Buechler et al., 1991) .
Results
In the rC-subunit of cAPK, four sites are phosphorylated: Ser10, Ser139, Thr197 and Ser338 . To better understand the role of these phosphorylations, each site was selectively replaced with either Ala, Glu or Asp, and 917 in some cases with all three. Each site was found to be distinct and different.
Expression and solubility of mutants in E.coli
Obtaining soluble enzyme was a major problem when conditions were first developed for expression of the wild-type rCsubunit in E.coli (Slice et al., 1989) . When the enzyme was induced at 37°C, the majority of the protein appeared in the insoluble fraction. Solubility was improved by inducing at 30°C or lower, and induction is now carried out routinely at room temperature. Overall yields were maintained by simply carrying out the induction for a longer period of time (Yonemoto et al., 1991) . This recombinant enzyme can be resolved into three distinct isoforms that correlated with 4, 3 and 2 phosphates. These isoforms were kinetically the same and were similar to the enzyme that was purified from mammalian tissues (Herberg et al., 1993) . When the mutant proteins that were lacking various phosphorylation sites were characterized for their solubility, the results, shown in Figure 1 , were variable although these cells were all induced at 30°C. The least soluble of the mutant proteins were rC(S10A), rC(T197E) and rC(T197D). Other mutant proteins such as rC(S139A) were nearly as soluble as wild-type C-subunit.
In vivo labeling and immunoprecipitation
Because proteins that are incorrectly phosphorylated frequently do not purify like the native enzyme, it was necessary to develop methods where the phosphorylation state of a given protein could be qualitatively evaluated rapidly in total cell extracts. To accomplish this, the cellular proteins were labeled in vivo by adding 32 P i at the time of induction as described in the Materials and methods. Figure 2 qualitatively compares the overall expression of various mutant proteins and identifies the phosphoproteins that could be extracted with RIPA buffer from the total cell extract. In this figure the same amount of extract was added for each sample. Many of the mutant proteins, such as rC(S139A) and rC(S139E), were reasonably soluble and were expressed at high levels; however, both the expression level and phosphorylation state of the mutant proteins differed significantly.
To more specifically characterize the soluble mutant Csubunits, antibodies were required that could immunoprecipitate the protein. Previously, several laboratories obtained antibodies which were sufficient for Western Blot analysis but not capable of immunoprecipitation of the protein. To obtain antibodies, rC-subunit was eluted from a polyacrylamide gel and used for immunization as described in the Materials and methods. In contrast to earlier preparations of antibodies, these could be used for both immunoprecipitation and for Western blot analysis. These antibodies were then used to immunoprecipitate the expressed mutant rC-subunits.
To better correlate amounts of protein with the 32 P i labeling, the in vivo labeled rC-subunits were immunoprecipitated from the RIPA buffer supernatant fraction using a large excess of extract in order to immunoprecipitate approximately equivalent amounts of protein. The resulting immunoprecipitates are shown in Figure 3 . The left panel confirms that approximately the same amount of protein was precipitated from each sample while the right panel shows that the relative amount of phosphate in each protein was variable. In this way, it was possible to determine not only the relative extent of phosphorylation but also to compare the gel mobilities of the various mutant proteins. Those mutant rC-subunits that were soluble and active were purified, characterized and compared with the Fig. 1 . Solubility of wild-type and mutant forms of catalytic subunits. Cells expressing the C-subunit were harvested and lysed by passing through a French pressure cell. The total lysate fraction (L) was then resolved into particulate (P) and supernatant (S) fractions by centrifugation. Solubility of each protein was analyzed by SDS-PAGE. The first lane in each panel shows the mobility of wild-type rC.
Fig. 2.
Expression and in vivo labeled with 32 P i of wild-type and mutant catalytic subunits. As described in the Materials and methods, cDNAs of the mutant catalytic subunit were generated and expressed in E.coli BL21-DE3 cells. Wild-type and mutant phosphoproteins from these cultures were labeled in vivo with 32 P i , solubilized in RIPA buffer, and analyzed by both SDS-PAGE (left) and autoradiography (right). An equal volume of cell extract (20 µl) was loaded onto each gel. Protein samples are indicated above each lane. The control lane corresponds to E.coli BL21-DE3 cells containing no plasmid. Molecular weights standards (mw) from top to bottom are as follows 97, 68, 43 and 29 kDa. Purified wild-type C (CAT) is on the far right. native recombinant enzyme. Those sites that are constitutively phosphorylated in the mammalian enzyme, Ser338 and Thr197, will be considered first. Serine 338 When Ser338 was replaced with Ala, the resulting enzyme, rC(S338A), was very unstable. While activity could be measured in the initial cell extracts, by the time purification was carried out the activity was lost. When the Ser was replaced with Glu, the enzyme was more stable even though it was still much more labile than the wild-type rC-subunit. Since this mutant enzyme, rC(S338E), did not bind to phosphocellulose, it was purified by formation of holoenzyme with a mutant form of the R-subunit as previously described (Yonemoto et al., 1991) . This method, which keeps the enzyme in the more stable holoenzyme form during purification, is particularly valuable for mutant proteins that loose activity easily. The kinetic properties of rC(S338E) are summarized in Table I . The K m s for peptide and ATP were similar to the wild-type protein, however, the final k cat was 4.7 s -1 , compared with 16.8 s -1 for the wild-type rC-subunit. This decrease in k cat was due primarily to a decrease in V max and thus may reflect the presence of some denatured protein. The instability of this 918 enzyme, particularly in the low ionic strength buffer required for Mono-S chromatography, prevented resolution of isoforms.
In vivo labeling with 32 P i revealed that both rC(S338A) and rC(S338E) were highly phosphorylated (Figure 2 ). Although rC(S338E) was somewhat more stable, the two mutant proteins appeared to be phosphorylated to a comparable extent. Immunoprecipitation of the in vivo labeled protein followed by gel electrophoresis showed that the gel mobility of both mutant proteins was similar to the control enzyme (Figure 3) .
Threonine 197
This residue, based on the crystal structure and by analogy with other protein kinases, appears to be extremely important for stabilizing the surface of the enzyme that lies just beyond the consensus site of the bound inhibitor peptide, PKI(5-24). In several structures of inactive and unphosphorylated protein, such as cdk2 (De Bondt et al., 1993) and the insulin receptor (Hubbard et al., 1994) , this loop is highly disordered. When Thr197 was replaced with Ala, the enzyme was soluble but no activity could be detected in the cell extract. The in vivo labeling of rC(T197A) with 32 P i was very low, and this protein also migrated more rapidly following SDS-PAGE than the native enzyme (Figures 2 and 3) . It also did not bind to the R- Fig. 3 . Immunoprecipitation and phosphorylation state of in vivo wild-type and mutant forms of catalytic subunit labeled with 32 P i . As described in the Materials and methods, cDNAs of the mutant C-subunits were expressed in E.coli BL21-DE3 cells. Wild-type and mutant phosphoproteins were in vivo labeled with 32 P i and solubilized in RIPA buffer. Large volumes of the RIPA soluble fractions were immunoprecipitated with antibodies to the Cα subunit so that in most cases the amount of C-subunit was well in excess of the antibody. In this way approximately equal amounts of C-subunit were precipitated. Proteins were then analyzed by both SDS-PAGE (left) and autoradiography (right). Protein samples are indicated above each lane with the control lane being E.coli BL21-DE3 cells. subunit in the E.coli extract nor did it bind to phosphocellulose. Replacement of Thr197 with Glu yielded an enzyme that was still resistant to purification by all of the conventional methods. This enzyme, rC(T197E), was also underphosphorylated based on 32 P i labeling in vivo (Figure 4) , and no activity could be measured in the cell lysate. When Thr197 was replaced with Asp, the resulting mutant enzyme, rC(T197D), showed some activity, and this enzyme also could be purified. As seen in Figure 4 , rC(T197D) showed more phosphorylation than the Ala or Glu mutants, but the protein still migrated fast on an SDS gel. This enzyme, although labile, could be purified by utilizing the conventional method of purification using phosphocellose chromatography. The resulting protein was then purified by Mono-S chromatography. The kinetic properties of this mutant are summarized in Table I . A thorough kinetic analysis of this enzyme and rC(T197A) was required to characterize in more detail the specific catalytic consequences of replacing Thr197 with Asp and Ala (Adams et al., 1995) . For this more rigorous analysis, however, it was necessary to express a fusion protein. These studies demonstrated that the most significant consequences of removing this phosphate were on the K m for ATP and on the chemical transfer step. Although the K m for peptide was also elevated, this was due to the change in the chemical 919 transfer step and not to a direct influence on peptide affinity (Adams et al., 1995) .
Serine 139
Ser139 is phosphorylated in the recombinant enzyme but has not been observed in the mammalian enzyme. Replacement of Ser139 with Ala yielded a stable enzyme that was highly phosphorylated at the remaining phosphorylation sites based on the in vivo labeling with 32 P i (Figures 2 and 3 ). This enzyme also showed a gel mobility on SDS-PAGE that was indistinguishable from the native rC-subunit (Figure 2) . Purification of the Ser139Ala mutant was very similar to the wild-type enzyme. Both enzymes bound to Mono-S; however, instead of eluting in three peaks like the wild-type protein, rC(S139A) eluted mostly as a single peak corresponding to isoform II ( Figure 5 ). Isoform II corresponds to a protein having three phosphates (Herberg et al., 1993) . This isoform, thus, is fully phosphorylated at the remaining three sites: Ser10, Thr197 and Ser 338. rC(S139A) was also crystallized, and its conformation was indistinguishable from the wild-type enzyme (Madhusudan et al., manuscript submitted) . The kinetic properties of rC(S139A) were nearly identical to the wild-type rC-subunit (Table I) . Replacement of Ser139 with Glu yielded an enzyme that was also indistinguishable from wild-type rCsubunit in terms of its phosphorylation state (Figures 2 and  3) , and kinetic properties (data not shown). Both rC(S139A) and rC(S139E) also behaved like the wild-type rC-subunit in terms of their interaction with PKI and the RI-subunit. Hence, stable phosphorylation at Ser139 appears to be fortuitous and has no obvious functional consequences for the free rC-subunit, at least in terms of its catalytic activity and its interaction with its physiological inhibitors. Serine 10 Ser10 also is not phosphorylated in the major form of the Csubunit when the enzyme is purified from mammalian tissues, although this site can be autophosphorylated in vitro (TonerWebb et al., 1992) . In contrast to the other mutants, replacement 5 . Elution of the S139A mutant catalytic subunit from mono-S. Purification of S139A isoforms I, II and III was performed as described in the Materials and methods. The inset shows the elution profile of wild-type catalytic subunit.
of Ser10 with Ala yielded an enzyme that was not only inactive, but was also highly insoluble. Only a small fraction of this mutant protein was soluble in RIPA buffer (Figure 2) , and no soluble and active enzyme could be isolated from the normal lysis and purification procedure. Of all the proteins shown in Figure 1 , those having mutations at position 10 were the least soluble. Furthermore, this was the only mutant that 920 showed a clear doublet following SDS-PAGE of the small amount of RIPA soluble immunoprecipitated protein ( Figure  3 ). When the Ser10Ala mutant was labeled in vivo with 32 P i , the majority of the RIPA soluble protein, corresponding to the faster moving band in the doublet, contained no 32 P i . Only a small portion of the soluble protein that was immunoprecipitated migrated with a mobility identical to the native rC-subunit, and all of the radioactivity was associated with this band.
Replacement of Ser10 with Glu, thus conserving the negative charge associated with the phosphate, did not change the properties of the mutant protein relative to the Ala replacement. The enzyme was still underphosphorylated and mostly insoluble (data not shown). Effect of active site mutations on the overall phosphorylation state As seen above, mutations at one site can have a profound effect on phosphorylation that occurs at other sites. Many mutations have now been introduced at other sites in the Csubunit and some of these mutations also are very effective in blocking phosphorylation of the protein. A mutation such as Cys343Ser, for example, had no effect on catalytic activity, and this mutant protein also appeared to be fully phosphorylated. As seen in Figure 6 , however, mutation of a catalytically important residue such as Asp184 or Lys72 yielded an enzyme that was not phosphorylated in vivo. The gel mobility of these mutant proteins was also faster than the wild-type rC-subunit. Although these mutants, such as Lys72His, are very underphosphorylated, and no activity can be measured in the cell extracts using the standard assay method, some activity was seen ( Figure 6 , right panel) when the extract was incubated with a phosphorylatable mutant of the RIα-subunit, rR(Ala97Ser). When the rC-subunit was truncated by introducing a stop codon at residue 285, the deletion mutant was also poorly phosphorylated (data not shown).
While expression of catalytically defective C-subunits makes it clear that phosphorylation in E.coli is autocatalytic, it is not clear whether catalysis occurs by an intramolecular (cis) or intermolecular (trans) mechanism. To determine whether transphosphorylation of inactive enzymes was possible, several of the catalytically defective enzymes were fused to glutathione S-transferase as described previously (Adams et al., 1995) . These proteins were then co-expressed with wild-type Csubunit. For these experiments, larger gels were run so that two bands could be more readily distinguished. The faster migrating band represents unphosphorylated protein, while the slower band corresponds to fully phosphorylated wild-type Csubunit. As seen in Figure 7 , when a catalytically deficient mutant such as GST-rC(K72R) was expressed alone, most of the protein was not phosphorylated. However, when the mutant C-subunit was co-expressed with wild-type rC, the mobility of rC(K72R) was identical to wild-type rC indicating that the mutant C-subunit was fully phosphorylated. Thus transphosphorylation can occur.
Discussion
Identifying and clarifying the role of individual phosphorylation sites in protein kinases is of fundamental importance for understanding both function and regulation. Frequently these phosphates determine whether a kinase is active or inactive. These phosphates can also play a major role in structural stability or subcellular localization. In some cases phosphorylation is part of the initial maturation process that converts the full length translation product into an active enzyme. In other cases the kinase is expressed as a stable, inactive enzyme that is not phosphorylated, and activation is achieved by the dynamic and transient addition of a phosphate by a heterologous protein kinase.
Expressing a protein kinase in E.coli has a major advantage Fig. 6 . Effect of distal and active site mutations on phosphorylation state and gel mobility of the catalytic subunit. In (a), wild-type and mutant phosphoproteins were labeled in vivo with 32 P i and solubilized with RIPA buffer. Small and constant volumes of the RIPA soluble fractions were immunoprecipitated with anti-Cα antibodies. In (b), the Lys72His mutant was tested for residual kinase activity by incubating with a mutant form of the RIα subunit (Ala97Ser) that is readily autophosphorylated in vitro. The R-subunit was incubated with extracts of wild-type C-subunit (left) under assay conditions and with the Lys72His mutant of the C-subunit. The incubations were carried out in the absence (-) or presence (ϩ) of Rsubunit (10 mg).
in terms of the yield of protein and the ability to rapidly generate mutant proteins. However, the bacterial environment for phosphorylation lacks other eukaryotic protein kinases, and this frequently prevents proper phosphorylation from occurring. Fortunately, with the C-subunit of cAPK large amounts of active enzyme can be expressed readily in E.coli. The individual phosphorylation sites of this recombinant enzyme were analyzed here in an effort to dissect the functional importance of each. The structure of a binary complex of the rC-subunit showing the positions of Ser10, Ser139, Thr197 and Ser338 relative to the overall structure of the catalytic subunit is shown in Figure 8 . Although the crystal structure of very few phospho- Fig. 7 . Co-expression of wild-type and mutant C-subunits demonstrate trans autophosphorylation: GST-fused wild-type (rC [WT] ) and mutant C-subunits are resolved by SDS-PAGE. Wild-type C-subunit corresponds to the fully phosphorylated protein, migrates in the higher apparent molecular weight form while mutant C-subunits resolve into both higher and lower apparent molecular weight forms. Mutant C-subunits were either expressed alone (-) or co-expressed with wild-type C-subunit (ϩ) in E.coli.
proteins have been solved, three phosphates can clearly be seen in the C-subunit. The two major isoforms of the wildtype C-subunit (I and II) correspond to the fully phosphorylated protein (I) and to the C-subunit that is missing a phosphate at Ser139 (II). Crystal structures of both isoforms have been solved. Since Ser10 and Ser139 are associated primarily with the recombinant enzyme, they will be discussed later. Ser338 and Thr197, major phosphorylation sites in both the recombinant and mammalian enzymes, will be discussed first. These two phosphates, based on the crystal structure, both have a clear structural role. The results described here, however, discriminate the functional importance of each. Although both are important for stability, only one directly influences catalytic efficiency.
The unusual phosphatase resistance of both Thr197 and Ser338 can be readily explained by the crystal structure of the recombinant enzyme. As shown in Figure 7 , both phosphates form ion-pairs and hydrogen bonds with other residues. The phosphate on Ser338, near the C-terminus, interacts with the side chain of Asn340 and the side chain of Lys342 ( Figure  8b ). Not by coincidence, Lys342 was one of the few lysines that was extremely resistant to modification by acetic anhydride, even in the free enzyme that has no bound substrates (Buechler et al., 1989) . The various crystal structures showing open and closed conformations of the enzyme (Zheng et al., 1993a) give an indication of the conformational flexibility of the C-subunit, and indicate that the phosphate on Ser338 stabilizes a turn. This segment helps to anchor the C-terminal end of the polypeptide chain onto the surface of the small lobe. For example, in the open conformation of the enzyme much of the C-terminal region, from residue 318 to 326, is not well ordered, and residues 326-334 move significantly relative to the cleft interface. Only at the very end, residues 338-350, are the residues firmly anchored to the core (Karlsson et al., 1993; Zheng et al., 1993a) . Phe347, the C-terminal residue, Phe350 and the α-carboxylate are all deeply buried and appear to be particularly important for anchoring to the surface of the small lobe (Knighton et al., 1993) .
Mutations of Ser338 had a major effect on the stability of the C-subunit. Activity following purification was lost rapidly, particularly when the charged residue, phospho-Ser, was replaced with Ala. These mutations did not, however, have a major effect on the kinetic properties of the enzyme. The K m s for both peptide and ATP were unchanged. Thr197 is anchored even more firmly to the enzyme than Ser338 (Figure 8c ). While some dephosphorylation of Ser338 is observed in the mammalian enzyme, Thr197 was never found dephosphorylated in the purified mammalian enzyme (Chou et al., 1978; Toner-Webb et al., 1992) . Thr197 is anchored by interactions with His87, Arg165, Lys189 and Thr201 (Knighton et al., 1993) . The role of Thr197 appears to be of fundamental importance for enzyme function. Modifications of this residue in yeast led to an unregulated phenotype, as did modifications of the residues that bind to this phosphate (Levin et al., 1988) . Thr197 lies on the surface of the enzyme that presumably complements the portion of peptide or protein substrates that lies just beyond the Pϩ2 site. Recognition of the R-subunit is particularly sensitive to changes in this region (Gibbs et al., 1992) .
The analysis of the Thr197Asp mutant described here, and described in more kinetic detail by Adams et al. (1995) , demonstrate that this site, unlike Ser338, is very important for catalysis. Steinberg et al. (1993) also showed that phosphorylation of Thr197 was important for activation, although his kinetic results differ from ours. By characterizing the early stages of the induction of expression of the C-subunit in E.coli, using pulse chase labeling, Steinberg et al. were able to isolate some of the partially purified enzyme that was dephosphorylated on Thr197. This protein lacking a phosphothreonine had increased K m s for both ATP and peptide and also had a reduced affinity for a PKI-based affinity column (Steinberg et al., 1993) . The k cat , however, was unchanged. This early transcript was also phosphorylated on Ser but the specific sites were not identified. A Thr197Ala mutant showed similar but more severe kinetic properties. The more detailed kinetic analysis of Adams et al. (1995) revealed that the major effects of this mutation are on the K m for ATP and the chemical transfer step.
It should also be pointed out that the effect of the Thr mutation in the yeast C-subunit, TPK1, did not effect the K m for ATP (Levine et al., 1988) . Since the catalytic effect for the mammalian enzyme was primarily on the phosphoryl transfer step, not on the k cat , it is not clear whether the chemical transfer step in TPK1 is influenced by phosphorylation at this Thr. The yeast enzyme is different in several regards from the mammalian enzyme. Its binding of substrates and regulatory subunit is much weaker than the mammalian C-subunit (Denis et al., 1991) . In addition, it lacks the typical A-helix found in the mammalian C-subunit. It also lacks the myristylation motif at the N-terminus. This helix serves as a scaffold for the core and can potentially influence both the stability and activity of the kinase core (Herberg et al., in press ). This may explain some of these differences between the yeast and mammalian enzymes and emphasizes why is essential to characterize each enzyme and not make broad generalizations.
The consequences of mutating Thr197 on the kinetic properties of the enzyme indicate that this phosphorylation is critical to achieve proper folding of the active form of the enzyme, presumably because Thr197 is so close to the active site and makes so many contacts with other residues. Arg165, for example, lies next to Asp166, thought to function as a catalytic base, while Lys189 in β-strand 9 lies just after Asp184 which chelates the activating Mg 2ϩ ion that bridges the β-and γ-phosphates of ATP. The electrostatic properties of this surface will obviously also be changed significantly as a consequence of the phosphorylation. The crystal structures of other protein kinases that are inactive due to lack of phosphorylation at this site, such as MAPK (Zhang et al., 1994 ), cdk2 (De Bondt et al., 1993 and the insulin receptor kinase (Hubbard et al., 1994) , show significant changes in this region even though the folding of the rest of the core is very similar to the Csubunit. Because of this, the segment corresponding to residues 191-199 has been referred to as the 'activation' loop.
Ser139 is located on the surface of the large lobe and does not appear to interact strongly with any other side chains. Although the major isoform (II) of the recombinant C-subunit is not phosphorylated on Ser139, the crystal structure of a recently solved binary complex of isoform I is superimposable with earlier structures of isoform II. Neither the hydroxyl side chain of Ser139 in isoform II, nor the phosphate in isoform I make any contacts with other residues in the protein (Madhusudan, personal communication) . Both structures also are identical in their conformation to the Ser139Ala mutant 923 (Knighton et al., 1993) . Prolonged overnight induction of the C-subunit in E.coli led to a decrease in isoform I suggesting that this site is easily accessible to bacterial phosphatases (F. Herberg, personal communication) . Its accessibility to mammalian phosphatases may also explain why this phosphate has not been observed in C-subunit purified from mammalian tissues. The fact that isoforms I and II have identical specific activities, further confirms that no functional consequences arise from phosphorylation at this site, at least for the free Csubunit. If this site has physiological relevance, it must relate to the interaction of the C-subunit with other proteins. Alternatively, it could play a transient role in the life of the enzyme. It is not, however, a stable part of the mature mammalian enzyme.
The structural consequences of phosphorylation at Ser10 are still unclear and may be linked to myristylation. The first 14 residues of the C-subunit are encoded by exon I (Clegg et al., 1989) and constitute a myristylation motif. This region consistently has very high temperature factors in all of the crystal structures. The mammalian enzyme is myristylated at the N-terminal Gly, and this myristyl group binds to a very hydrophobic pocket (Zheng et al., 1993a) . The recombinant enzyme ordinarily lacks this modification. When the recombinant enzyme (isoform II) was crystallized in the absence of detergent, residues 1-14 were not visible suggesting that this segment is flexible and does not assume a well-defined conformation (Knighton et al., 1991a) . In this structure the long A-helix begins with residue 15. When the enzyme was crystallized in the presence of detergent, another turn of the helix was visible (Ser10-13); however, residues 1-9 were still not well-resolved (Knighton et al., 1993) . Although the α-carbon of Ser10 could be seen, albeit with a high temperature factor, the side chain was still not visible. In this structure, crystallized in the presence of detergent, a detergent molecule occupied the site that is normally filled by myristate. When the myristylated mammalian enzyme was crystallized, the Ahelix still begins with Ser10, not phosphorylated, and residues 1-9 fold back so that the myristic acid occupies the hydrophobic pocket filled in the previous structure by the detergent (Zheng et al., 1993a) .
The results described here indicate that this region is extremely important for the expression of soluble protein in E.coli. Previous results established that phosphorylation at Ser10 is not important for catalysis since we routinely isolate small amounts of isoform III from our preparations of the wild-type C, and this isoform that is phosphorylated on only Ser338 and Thr197 is kinetically indistinguishable from isoforms I and II. Knowing that the myristylated recombinant protein is more stable that the non-myristylated enzyme, the Ser10Ala mutant was also co-expressed with N-myristyl transferase; however, this myristylated protein was still insoluble. It is as though this protein cannot proceed readily beyond the initial translation product. This could be because it never folds properly or because phosphorylation at Ser10 is somehow important for solubilization of the recombinant enzyme.
Why should the recombinant enzyme be particularly sensitive to changes that take place at the N-terminus? Ser10 also lies at the beginning of a long helix. In the myristylated mammalian C-subunit, this helix begins with Ser10 and ends with Glu31. Ser10 potentially forms a helix CAP with Asn14, and this interaction could be particularly important during the initial stages of protein synthesis. This amphipathic helix docks to the surface of both lobes of the kinase core (Veron et al., 1993) . Without the phosphate at Ser10, this N-terminal region is rather hydrophobic even without myristylation. It also has basic amino acids, Lys7 and Lys8, which are thought to be important for anchoring myristylated proteins such as src to membranes (Silverman et al., 1992) . Phosphorylation of Ser10 may help to negate these properties of the C-subunit. Phosphorylation of Ser17 in src near the N-terminal myristylation motif leads to the release of src from membranes (Walker et al., 1993) . When Silverman et al. (1992) actually replaced the Nterminus of src with the N-terminus of the C-subunit, the chimera also associated with membranes. While we do not know of conditions where the C-subunit specifically associates with membranes, the finding of Steinberg et al. (1991) that the C-subunit expressed in kinase minus mutants of S49 mouse lymphoma cells that lack cAPK activity is not phosphorylated and is not soluble suggests that being anchored to membranes may be important in the initial processing of the enzyme. The unphosphorylated C-subunit expressed in these kin minus cells was not extracted under normal lysis conditions but was extracted in RIPA buffer. Pulse labeling of the normal S49 lymphoma cells revealed that the early transcript was also not phosphorylated and not soluble. While myristylation occurs co-translationally, the protein is phosphorylated post-translationally. Only after 10 min, and following phosphorylation, does the transcript appear in the cytosol. Several other variants of the C-subunit result from alterations near the N-terminus. An Asn2Asp variant of the C-subunit was identified (Hotz et al., 1989) as well as an mRNA that would lead to alternate splicing at the N-terminus (Wieman et al., 1991) . In Aplysia, two forms of the C-subunit are expressed that differ only in the first exon that codes for residues 1-14 (Beuhausen et al., 1992) . Thus, although this region is well removed from the active site, it may have as yet unrecognized functional importance for the C-subunit, particularly for the process that takes the initial unphosphorylated translation product to a mature fully active and fully phosphorylated enzyme that is sequested in a holoenzyme complex. Surprisingly, a deletion mutant that lacks residues 1-14 is active and phosphorylated (Herberg, manuscript in preparation) .
Based on our expression of catalytically defective C-subunits, it is clear that phosphorylation of the C-subunit in E.coli is autocatalytic, although autophosphorylation of the purified isoforms in vitro is very slow . Whether phosphorylation of the C-subunit in vivo is autocatalytic, however, is not clear. Phosphorylation of the C-subunit, and hence activation, could be catalyzed in vivo by a heterologous protein kinase. Recent results with PKC suggest that phosphorylation of the Thr that is homologous to Thr197 is catalyzed by another kinase (Dutil et al., 1994; Newton, 1995) . A heterologous protein kinase may also be required for phosphorylation of the C-subunit in eukaryotic cells.
To resolve the importance of these phosphorylations for the processing and activity of the mammalian enzyme in vivo and to determine whether a heterologous kinase is involved will require expression of these mutant proteins in eukaryotic cells.
